R. J. Hocken
National Engineering Laboratory, National Bureau of Standards, Washington, D. C. 20234 The presence of a gravitational field leads to both practical and fundamental limits of the resolution in critical phenomena experiments in fluids near the gas-liquid critical point. We present equations (Gouy, 1892; Teichner, 1904; Baehr, 1954) . The resulting inhomogeneous distribution of the local properties of the fluid strongly affects. the interpretation of critical phenomena experiments in fluids (Weinberger and Schneider, 1952) . A number of investigators have studied the consequences of gravitationally induced inhomogeneities for the interpretation of critical phenomena experiments such as specific heat measurements (Chashkin et a/. , 1967; Berestov et a/. , 1969 Berestov et a/. , , 1973 Berestov and Malyshenko, 1970; Schmidt, 1971 ; Hohenberg and Barmatz, 1972; Lipa et a/. , 1977) and light-scattering measurements (Alekhin et a/. , 1969; Chalyi and Alekhin, 1971; Dobbs and Schmidt, 1973; Spittorf and Miller, 1974 ; Kim et al. , 1974; Lakoza et az. , 1974; I eung and Miller, 1975, 19'/7a and b; Sysoev and Chalyi, 1976; Cannell 1977b) .
A particularly detailed and quantitative evaluation of gravity effects near the gas-liquid critical point was made by Hohenberg and Barmatz (1972) . Our further study of gravity effects was motivated by the following considerations. According to the principle of criticalpoint universality, fluids near the gas-liquid critical point belong to the universality class of three-dimensional Ising-like systems, i.e. , systems with shor trange forces and a one-component order parameter (Kadanoff, 1971 (Kadanoff, , 1976 . Attempts to verify the validity of this principle have revealed (Hocken and Moldover, 1976 ; that truly asymptotic critical behavior is not reached unless one approaches the critical temperature to within 0.01%. Therefore, while modern experimental techniques enable one to probe this critical region with substantial accuracy, an accurate assessment of the limits imposed by gravity has become increasingly important. Furthermore, in the near future the opportunity will become available to perform critical phenomena experiments in a space laboratory (Dodge et a/. , 1975; Moldover e/ a/. , 1976; Morrell, 1977; Sengers and Moldover, 1978a) . It thus has become desirable to analyze gravity effects as a function of the level of the gravitational field, so as to compare the gravity-induced limitations in earth-bound experiments with those at the microgravitational levels that may become accessible in an orbiting laboratory. It is the purpose of this paper to present methods for estimating the magnitude of these effects in a variety of critical phenomena experiments and for a large number of fluids.
Near the consolute point of binary liquid mixtures the gravitational field leads to the formation of concentration gradients (Yvon, 1927; Giterman, tion time needed for these concentration gradients to obtain their equilibrium value is excessively large (Greer et al. , 1975) . In practice one tries to avoid gravity effects by performing the measurements over a time scale small compared to the formation of the gradients. Nevertheless, in many cases gradients may develop during the experiments, but it is difficult to attain true thermodynamic equilibrium (Block et al. , 19'?'?; Qiglio and Vendramini, 19?8; Knobler and Scott, 1978) . Because of these complications we focus our attention here on experiments near the gas-liquid critical point of one-component fluids.
We shall proceed as follows. In Sec. II we present critical region parameters that characterize the asymptotic behavior of thermodynamic properties and the correlation length of many fluids near the gas -liquid critical point~For this purpose we assume the validity of the hypothesis of critical-point universality and describe the thermodynamic properties in terms of parametric equations. In Sec. III we summarize the parametric equations for the hei. ght dependence of local fluid properties in the presence of a gravitational field.
The inhomogeneities induced by the gravitational field lead to both practical and fundamental limi. tations in the interpretation of critical phenomena experiments in fluids. The practical limitations are due to averaging errors, since all exper imental probes sample the fluid over a finite height. These limitati ons depend on the magnitude of the gravitational field, the height of the sample volume, and the quantity being averaged. In Sec. IV we estimate the gravitationally induced averaging errors in measuring density, compressibility, and specific heat. In Sec. V we discuss the practical limitations imposed by gravity in some optica. l experiments. In the case of light-scattering experiments, we also compare these limitations with limitations due to multiple scattering and attenuation of the light. These estimates pertain to experiments in which the fluid is in a state of thermodynamic equilibrium in which the density gra. dients are fully developed. In Sec. VI we make some comments on attempts to suppress the establishment of density gradients by bringing the system into a suitable nonequilibrium state. (Zosephson, 1969) . Various parametric equations have been proposed in the literature (Schofield, 1969; Ho and Lister, 19'?0; Wilcox and Estler, 19'?1; Kierstead, 19'l3; Tarko and Fisher, 1975 (Fisher, 1967 (Fisher, , 1974 .
According to the universality hypothesis (Kadanoff, 1971 (Kadanoff, , 1976 Hubbard and Schofield, 1972) 
2b4n(1+ e) (3 -2P. ) 2(1+ o. ) s (8) = so + s28 + s48 = 1. 456 -2.2748 -0-0738, s'(8) = 2s28 + 4s483 SG= -(2 0')fo s2= -(2 -&)b (1 -2p)fo-pf» s4 ---3&c/2b (1 + a) q(8) = 2P (5b282 (1 -82) + (1 -382) (1 -b282) = 1 -0.28182 -0.16684 (Fisher, 1964 (Fisher, , 1967 . In terms of the restricted cubic model this correlation length may be represented by '(,z(e), - and it has been verified for Xe, CO"and SF, near the critical point, (Sengers and Moldover, 1978b Balfour et al. (1977 Balfour et al. ( , 1978 of the classical PVT data of Rivkin and coworkers, taking into account correction to scaling terms of a form predicted by the theory.
In Table III (Behringer et al. , 1976) . Thus the parameters in Table III (Tominaga, 1974; Roe and Meyer, 1978) , argon (Lin and Schmidt, 1974) , xenon (Swinney and Henry, 1973) , carbon dioxide (Lunacek and Cannell, 1971) , and sulfur hexafluoride (Cannell, 1975) . For further details the reader is referred to an earlier review .
In this paper we shall make all quantitative calculations of the gravity effects using xenon as an example. From the equations presented, the gravity effects may be readily estimated for other fluids using the pa--rameters listed in Tables II and III 
where z, is a reference level in the fluid. It is convenient to take the reference level zo such that p(zo) = pc and to introduce the quantity (Levelt Sengers, 1975) H =I', /p g, B, »h(sp*/ey, *)r= ix), (3.5) where h is the height of the sample volume. However, due to the strong divergence of the compressibility XP, this condition will always be violated close to the criti- In the restricted cubic model the local value of the density gradient is given by the simple expression (3 6) We shall also need the rate with which the local compressibility and the local value of the correlation length ( will vary with the vertical position z (3.9) (3.10)
The parametric equations for (Bx g/BP*) r and (8 $/8P*) r are included in Table I .
IV. AVERAGING ERRORS DUE TO FINITE SAMPLE HEIGHT
In critical phenomena experiments one wants to determine various physical properties within a certain desired precision. Frequently, the desired precision may be expressed as a small fraction P of the quantity to be measured. However, experimental methods to values g*= 10 and g*= 10 ' correspond to the gravitational levels that one may hope to reach in the projected space laboratory facilities under the worst and optimum conditions (Dodge et a/. , 1975; Shapland, 1976; Morrell, 19VV) . In earth-bound experiments, the density in a cell of lcm height will vary by more than 10%, in a cell of lmm height the density variation is still more than 7%.
Gn the other hand, at g*= 10 ' the inhomogeneity in the density is reduced to fractions of a percent.
It 
(4 1) Here we have assumed that the weighted average of Q which the experiment measures will be assigned to the thermodynamic state (P(h/2), T) at the midheight of the experimental probe. A somewhat more complex calculation is required when Q is a quantity measured by experimentally taking a temperature derivative, such as the constant-volume specific heat.
Condition (4.1) is also satisfied when w(z) = 1 and the (Weber, 1970; Thoen and Garland, 1974) , using the known relationship between dielectric constant and the density. Here the averaging distance is determined by the distance h between the capacitor plates.
In order for these methods to yield an adequate resolution we require that the variation of the density over the averaging height be within a desired precision Fig. 2 this region for xenon when the density is averaged over a height as small as lmm, assuming P = 0.01. The gravity-affected range depends on the nature of the particular fluid through the factor (I'/H, )'~~, which may be calculated from the information in Tables I, II, (Sarid and Cannell, 1974; Dratler, 1974; Hocken and Mo1dover, 1976) .5 x 10-2 9.9 x 10 5 1.2 x 10-~3 .7 x .0 x 10& 1. 4 x 10-~4
.1 x106 .7 x101
. 
V. LIMITATIONS OF OPTICAL EXPERIMENTS A. Beam bending
The gravity-induced density profiles in the critical region of fluids imply that the refractive index n also varies as a function of height. Since the I orentzLorenz function (n' -I)/(n'+ 2) is to a good approximation proportional to the density, the refractive index near the critical density may be represented by (Estler et al. , 1975) TABLE VI. Values of AT i"at which gravity effects in specific heat measurements become of the order of 10% (g*= 1). (Balzarini and Ohrn, 1972; Cannell, 1977a; Rathjen and Straub, 1977) , helium (Doiron and Meyer, 1978; Edwards and Woodbury, 1963) Technology, 1950; Landolt-B'ornstein, 1962) and converted them to the critical density using the Lorentz-Lorenz relation. The coefficient n, i s a measure of the efficiency with which density gradients are converted into refractive index gradients (Hocken and Moldover, 1978) .
In (Lorentzen, 1953; Palmer, 1954; Schmidt and Traube, 1962; Straub, 1967) . In view of the awkward arrangements due to the need for windows, optical experiments have often been affected by thermal gradients and the method has only recently become suitable for quantitative interpretations (Artyukhovskaya et a/. , 1971 (Artyukhovskaya et a/. , , 1973 Estler et al. , 1975; Hocken and Moldover, 1976) .
A sensitive experimental method was developed by Wilcox and Balzarini (1968) and refined by Estler et al. (1975) . This method, originallyproposedbyGouy (1880), uses the Fraunhofer diffraction pattern produced when light traverses a fluid in which refractive index gradients exist. If a thin sla.b of fluid is illuminated by a plane wave, light rays crossing the fluid are bent downwa, rd by an angle proportional to the refractive index gradient and hence the density gradient. Furthermore, these rays are phase shifted by an amount proportional to their optical path in. the fluid, which is related to the local density. To a good approximation the Quid density profiles are antisymmetric with respect to the inQection point, while the gradient is symmetric (c.f. Fig. 1 ).
Therefore rays entering at equal distances above and below the plane of symmetry bend through the same angle, but experience a relative phase shift proportional to the density difference between the two levels. From the interferometric pattern produced one can deduce the relationship between local gradient and density. Hocken and Moldover (1976) Table II .
In Fig. 4 we consider schematically the path of a light ray incident in the X direction passing through a fluid stratified in the Z direction. The angle of the direction of the light ray with the X direction is indicated by 3.
The final deflection angles of the ray just prior to and just after leaving the 'cell are 8, and B"respectively; these angles are related by sin3, =n sin8"where n is the local refractive index of the Quid.
From the generalization of Snell's law to light propagation in a stratified medium (Born and Wolf, 1975) can go without serious "thick cell errors" due to gravity.
In Fig. 5 we show . the range of temperatures and densities around the critical point of xenon where the local compressibility begins to vary by 1% along the path of a light beam passing through a fluid layer with a width of 3 mm. On comparing these results with the estimates presented in the preceding section (c.f. Fig. 3 (Fisher, 1964) . The spectrum of the scattered light yields the decay rate of the fluctuations (Swinney and Henry, 1973 For x-ray scattering measurements in argon the effect has been discussedby Dobbs and Schmidt (1973 Leung and Miller, 1975 Cannell (1977b) .
The magnitude of gravity effects on light-scattering measurements will depend on the scattering angle (Cannell, 1977b (Puglielli and Ford, 1970; Balzarini and Ohrn, 1972; Cannell, 1975 (Chalyi, 1969; Gelbart, 1974a, 1974b; Reith and Swinney, 1975; Bray and Chang, 1975; Boots et al. , 1976; Holm, 1977) . Recently increased attention has also been paid to the effect of double scattering on the spectral distribution of scattered light (Beysens et al. , 1976; Beysens and Zalczer, 1977; Sorensen et at. , 19VV) . In practice, most fluids become so opaque near the gas-liquid critical point that triple and higherorder scattering cannot be neglected (Trappeniers et al. , 1977) .
When the wavelength A. of the incident light is significantly larger than the correlation length, the turbidity v ma. y be approximated by (Puglielli and Ford, 1970) For xenon we obtain 0.81 gr*)~T*. = 3.4x].0 "-min X4 (p = p, ), (5.23a) 0.26 lbC 1-160. , "1=(1. 6~10 ' -, , (T=T, ), (6.33b) where the path length m and the wavelength A. are to be expressed in meters. For light-scattering measurements at the wavelength A=0.6328@m of a He-Ne laser and a typical optical cell with a width~= 1cm, Eq. Table V confirms that under normal circumstances the restrictions on lightscattering experiments due to turbidity are more severe than those due to gravitational averaging errors, as was also emphasized by Cannell (197Vb) .
In order to benefit from light-scattering experiments in a low-gravity environment, it is imperative that the effects of turbidity be reduced significantly. For this purpose one may consider three options. The first option is to reduce the width~of the optical cell. Typical optical cells have a width of 10mm, while more specialized cells have been made with a width of the order of 1mm. It may perhaps be possible to work with cells with a width of 0~1mm, although one then must discriminate against scattering from surface layers and the inner cell walls. A second option is to choose a fluid with a smaller refractive index. In binary liquids near the critical point of mixing, turbidity and multiple scattering can be reduced drastically by selecting a mixture of liquids with closely matched refractive indices . For light-scattering experiments near the gas-liquid critical point the freedom of choice is much more restricted. Nevertheless, since the turbidity is proportional to 4n0'n, " = (n, ' -1)', we note from the information provided in Tables II and III 
VI. ATTEMPTS TO SUPPRESS DENSITY GRADIENTS INDUCED BY THE EARTH'S GRAVITATIONAL FIELD
The fundamental effect of gravity is to induce a spatial- this approach is effected by diffusion and sedimentation leading to a stratification of the composition in the earth's gravitational field (Greer et at. , 1975; Block et at. , 19VV) . In the case of binary mixtures in containers that are centimeters high, this relaxation takes weeks or months; hence, it is rarely allowed to go to completion (Giglio and Vendramini, 1978; Knobler and Scott, 1978) . In this section we investigate io what extent gravity effects near the gas-liquid critical point can be suppressed by not allowing the system to approach thermodynamic equilibrium. In particular we consider the possibilities of imposing a stationary temperature gradient, quenching the system, or stirring the system. Near the gas-liquid critical point the isobaric thermal expansion coefficient u~= -p '(sp/BT)~diverges as strongly as the compressibility. This divergence causes the density gradients to be strongly affected by the pressure of small temperature gradients (Berestov and Malyshenko, 1970; While and Maccabee, 1975 (Greer, 1978 (Normand et al. , 19VV; Gitterman, 1978) ( 6 8) Here D~is the thermal diffusivity and D" the viscous diffusivity, which is the shear viscosity q divided by the density p. The modified Bayleigh number NR includes the factor dT, /dz rather than the actual temperature gradient dT/dz; dT, /dz is the a'mount by which the actual temperature gradient exceeds the adiabatic gradient pg(8T/BP)~, i.e. , (Gitterman, 1978) Shteinberg (1971) has argued that in a uniform fluid layer heated from below, an oscillatory instability may occur, even when a temperature gradient smaller than the adiabatic gradient is imposed. Because of the difficulty of avoiding convection, we conclude that suppression of the density gradient by imposing a stationary temperature gradient is not a realistic option.
An alternate procedure is to stir the Quid sample either by inducing convection currents (Cannell, 1975) or by using a mechanical stirrer (Voronel, 1976) . After the sample has been stirred, it will first approach mechanical equilibrium via relaxation of the sound modes and viscous modes. Since the sound absorption coefficient becomes very large, this process is determined by the viscous relaxation time (6.8) where E is the distance in the fluid to the nearest wall. The shear viscosity is weakly divergent (Hohenberg and Halperin, 1977) , and the viscous relaxation time is of the same order of magnitude as outside the critical region; in practical experimental situations this time is of the order of a minute. On the other hand, the approach to thermal equilibrium is determined by the thermal relaxation time (Levelt Sengers, 1975) (6 4) yr = L'/z 'Dr, (6.9) (In this paper the coordinate z is taken to increase in the direction opposite to the gravitational field, so that dT/dz is negative). We note that (6.5) (6.6) For xenon we find
The specific heat ratio C"/C~is very small throughout the region of interest, since it varies as r& Thus the limit dT«dz -0 corresponds to the limit of uniform density in which the driving force for convection has disappeared. The dependence of the Rayleigh number on AT* and Ap* in the critical region hasbeeninvestigatedearlier; for given instrumental conditions, this quantity increases rapidly when the critical point is approached (Michels and Sengers, 1962) . The product D~Dr vanishes as the inverse correlation length (Hohenberg and Halperin, 1977) . Thus, at the critical density, the Rayleigh number diverges as which diverges as (Hohenberg and Halperin, 1977) (Voronel, 1976 , (p= p. ). (7 5a) (p=p, ). (7 5b) In Fig. 6 The dependence of 47"*;"on the magnitude of the gravitational field g has also been investigated by Malyshenko and Mika (1974) . They concluded that b, T*,"scales as g*~' &=g* ." in agreement with our result. Below the critical temperature the thickness of the interface between vapor and liquid is proportional to the correlation length (Wtdom, 1972) . Thus in the absence of a gravitational field one would expect ihe interface thickness to grow indefinitely upon approaching the critical point. In the presence of a gravitational field the interface thickness will not grow beyond a size estimated by Eq. (7.6). Due to nonlocal effects, the temperature of meniscus disappearance in a gravitational field can no longer be identified with the thermodynamic critical temperature of the hypothetically homogeneous fluid (Malyshenko and Mika, 1974) .
The gravity effects may be enhanced by performing critical phenomena experiments in a centrifuge (Block et al. , 1977; Alder et al. , 1978) . However, in that case the interpretation of the experiment depends on the distance A of the cylindrical fluid layer from the axis of rotation. If this distance A is substantially larger than the correlation length, the above formulae stiQ apply provided that g is replaced with cu'8, where~is the frequency of rotation (Malyshenko and Mika, 1974) . Otherwise, the analysis is complicated by the inhomogeneous character of the induced effective gravitational field (Alder et al , 1978) . .
Vl I I. D ISCUSSlON
As a summary we present in Table X 
